




























































tensile‐to‐yield	 strength	 ratio	 / .	 Two	 large‐scale	 T‐shaped	 structural	walls	were	 subjected	 to	
reversed	 cyclic	 loading	 to	 assess	 their	 strength	 and	 deformation	 capacity.	 Test	 results	 were	
compared	with	data	from	walls	recently	tested	by	Huq	et	al.	(2017)	at	The	University	of	Kansas	to	










load	was	 limited	 to	 the	 self‐weight	 and	 the	weight	 of	 the	 testing	 apparatus.	 The	 T‐shaped	 cross	
section	allowed	a	 shallow	neutral	 axis	depth	 (within	 the	 flange)	 at	 flexural	nominal	 capacity	 and	
induced	 large	 tensile	 strain	 demands	 in	 the	main	 flexural	 reinforcement	 (within	 the	 stem).	 The	
specimens	were	designed	such	that	flexural	behavior	controlled	their	response	inducing	a	maximum	





to	 the	 four	 walls	 tested	 by	 Huq	 et	 al.	 (2017)	 at	 The	 University	 of	 Kansas	 with	 Grade	 60	 (420)	
reinforcement	in	T1	and	Grade	100	(690)	reinforcement	in	T2,	T3,	and	T4.	These	walls	had	a	drift	
ratio	 capacity	 not	 less	 than	 3%	 if	 the	 tensile‐to‐yield	 strength	 ratio	 ( / )	 of	 the	 flexural	
reinforcement	was	greater	 than	1.18,	 the	uniform	elongation	 ( )	was	greater	 than	6%,	and	 the	
fracture	elongation	( )	was	greater	than	10%.	Wall	T5	had	a	drift	ratio	capacity	of	2.3%	with	Grade	
120	(830)	reinforcement	having	 / 1.32,	 5.3%,	and	 8.6%.	
Moment‐curvature	 analyses	 were	 conducted	 to	 support	 the	 development	 of	 closed‐form	
solutions	for	estimating	the	deformation	capacity	of	the	walls	and	strain	demands	on	reinforcing	bars	
and	 concrete.	 Formulations	 were	 derived	 to	 include	 deformations	 due	 to	 shear	 and	 strain	
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strong	 ground	motions	 and	offer	high	 stiffness	 for	 the	 control	 of	 lateral	 drift.	Drift	 control	 helps	
protect	against	damage	of	non‐structural	components	and	building	contents,	both	of	which	account	
for	80%	or	more	of	the	total	cost	of	office,	hotel,	and	hospital	buildings[15],	see	Figure	1.	
During	 severe	 ground	 shaking,	 structural	 members	 are	 subjected	 to	 large	 inelastic	
deformations.	 To	 tolerate	 deformation	 demands,	 walls	 need	 to	 be	 properly	 detailed	 for	 ductile	
behavior.	 For	 instance,	 if	 the	 response	 is	 controlled	 by	 flexure,	 yielding	 of	 the	 main	 flexural	
reinforcement	would	be	expected	and	concentration	of	inelastic	deformations	are	likely	to	occur	at	





Tohoku,	 Japan	 2011.	 During	 these	 events,	 concrete	 crushing	 at	 wall	 boundary	 elements,	 global	
buckling	of	wall	segments,	and	buckling	and	fracture	of	reinforcing	bars[29,76,98]	were	observed	(see	




To	 achieve	 satisfactory	 performance,	 ACI	 318	 limits	 the	 acceptable	 range	 of	 values	 for	
selected	mechanical	properties	of	reinforcing	bars,	such	as	yield	strength,	tensile‐to‐yield	strength	
ratio,	 and	 fracture	 elongation.	 These	 mechanical	 properties	 are	 typically	 specified	 via	 ASTM	






including	 reduced	 congestion	 of	 reinforcing	 bars,	 improved	 quality	 of	 construction,	 reduced	

















primarily	 the	 yield	 strength	 , 	the	 tensile‐to‐yield	 strength	 ratio	 / , 	and	 the	 uniform	
elongation	 	of	 the	 longitudinal	 reinforcement	 in	confined	boundary	elements.	The	controlled	
reinforcement	parameters	in	the	experimental	program	are	the	yield	strength,	amount	and	layout	of	









This	 study	 is	 organized	 in	 seven	 chapters	 and	 two	 appendices.	 Chapter	 2	 provides	 an	
overview	of	the	behavior	of	reinforced	concrete	structural	walls	subjected	to	lateral	loads	as	well	as	










are	 included	 for	understanding	 the	 local	behavior.	The	processed	data	 also	 includes	determining	
initial	stiffness,	unloading	stiffness,	and	hysteretic	energy	dissipation.	
Chapter	 5	 documents	 response	 comparisons	 of	 six	 slender	 T‐shaped	walls	 tested	 at	 The	
University	of	Kansas	with	similar	research	objectives	and	scope.	
Chapter	6	describes	two	simplified	models	for	estimating	strain	demands	and	deformation	
capacity.	 The	 models	 use	 data	 from	 moment‐curvature	 analyses	 combined	 with	 the	 effects	 of	
deformations	due	to	shear	and	strain	penetration.	
Chapter	7	documents	the	main	observations	and	conclusion	from	the	preceding	chapters.	The	










slender	walls	 is	generally	controlled	by	yielding	of	 the	 longitudinal	 reinforcement	due	 to	 flexure,	
whereas	in	squat	walls	failure	is	generally	controlled	by	shear.	The	behavior	of	intermediate	walls	
are	dominated	by	both	flexural	and	shear	resisting	mechanisms.		
In	 an	 effort	 to	 fully	 understand	 these	 differences,	 many	 researchers	 have	 performed	
experimental	tests	on	walls	with	different	aspect	ratios	(slender	and	squat)[23,39,48,78,91],	cross	sections	
(planar	 and	 non‐planar)[19,21,23,39,60‐64,69];	 loading	 conditions	 (monotonic	 and	 cyclic),	 loading	
directions	 (unidirectional	 and	 multidirectional)[20,21,25,38,43];	 axial	 load	 magnitudes[25,50],	 concrete	
compressive	strengths	 (normal‐	 and	high‐strength)[36];	 reinforcement	mechanical	properties	 (low	
and	 high	 tensile‐to‐yield	 strength)[37],	 and	 amount	 of	 reinforcement	 at	 confined	 and	 unconfined	
regions[82,88].	Past	studies	have	shown	a	direct	relation	between	wall	deformation	capacity	and	the	
amount	of	transverse	reinforcement	at	wall	boundary	elements[88,89,93‐97].	Results	from	these	studies	




















with	 yield	 strengths	 greater	 than	 80	 ksi	 (550	MPa).	 ACI	 318	 Committee	 has	 upgraded	 the	 code	
provisions	 related	 to	 reinforcing	 bars	 once	 new	 findings	 from	 research	 projects	 and	 new	 ASTM	
standards	are	published.	The	historical	development	of	HSS	is	illustrated	in	Table	1.	Changes	in	ACI	


































cover	 of	 the	main	 reinforcement	 was	 a	 key	 parameter	 for	 crack	 control.	 Additionally,	 members	
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capacity,	 control	 of	 bar	 buckling,	 and	member	 ductility.	 The	work	 done	 by	Wight	 and	 Sozen[99],	
Muguruma	et	al.[57],	Sato	et	al.[79],	Bing	et	al.[22],	Azizinamini	and	Saatcioglu[17],	Lin	and	Lee[51],	Budek	




not	 typically	 used	 in	 the	 United	 States.	 Test	 results	 showed	 that	 walls	 failed	 due	 to	 flexural	
compression	 and	 bar	 buckling	 at	 a	 drift	 ratio	 of	 2.0%	 for	 specimens	 subjected	 to	 axial	 loads	 of	
0.1 .	 Dazio	 et	 al.[27]	 evaluated	 the	 effects	 that	 different	 amount	 and	 grade	 of	 flexural	
reinforcement	 has	 on	 the	 performance	 of	 structural	 walls.	 The	 report	 concluded	 that	 reduced	
ductility	was	obtained	if	low	amount	of	flexural	reinforcement	or	steel	with	low	uniform	elongation	









In	 the	 last	 15	 years,	 a	 series	 of	 research	 program	have	 tested	 beams,	 columns	 and	walls	
reinforced	with	HSS	 subjected	 to	 reversed	 cyclic	 loading.	 The	work	done	by	Rautenberg	 et	 al.[73]	
Tavallali	 et	 al.[86],	 Pfund[72],	 and	Tretiakova[92]	 studied	 the	 cyclic	 response	 of	 concrete	 beams	 and	
columns	reinforced	with	steel	bars	having	yield	strengths	as	high	as	120	ksi	(830	MPa).	Huq	et	al.[37]	
tested	four	T‐shaped	slender	walls	using	a	similar	loading	protocol	(three	of	them	used	HSS).	They	




Two	 of	 the	 L‐shaped	walls	 tested	 by	Hosaka	 et	 al.[36]	 used	 high‐strength	 steel	 as	 flexural	
reinforcement	at	the	boundary	element	located	at	the	corner	of	the	L‐shaped	wall	with	 106	ksi	
(731	MPa)	and	Grade	60	(420)	was	used	elsewhere.	The	L‐shaped	specimens	tested	by	Kono	et	al.[47]	
used	 steel	 with	 102	ksi	 (703	 MPa)	 as	 vertical	 reinforcement.	 Other	 studies[44,58]	 used	 high‐
strength	wires	as	concrete	reinforcement.	The	study	by	Huq	et	al.[37]	was	the	only	reference	found	for	
unsymmetrical	 structural	 walls	 with	 high‐strength	 steel	 deformed	 bars	 as	 flexural,	 shear,	 and	
confining	reinforcement.	
2.4 High‐Strength	Reinforcement	in	Building	Codes	








MPa)	 for	 special	 seismic	 structures	or	80	ksi	 (550	MPa)	otherwise.	This	 requirement	 applies	 for	
special	moment	 resisting	 frames	 and	 special	 structural	walls	 including	 coupling	 beams	 and	wall	
piers.	Due	to	insufficient	of	experimental	evidence	in	the	performance	of	special	seismic	structures	
when	the	code	was	written,	Grade	80	(830)	was	excluded	from	the	provisions.	However,	recent	tests	
















The	main	 reason	ACI	 318‐14[1]	 limit	 the	 yield	 strength	 is	 because	by	 the	 time	 the	 critical	
section	of	a	member	reaches	the	yield	point,	higher	shear	and	bond	stresses	will	be	developed	if	the	
flexural	 reinforcement	has	 a	 yield	 strength	higher	 than	 the	one	 assumed	 in	design.	These	higher	
stresses	cause	a	 sudden	reduction	 in	 the	 load	carrying	capacity	of	 the	member	 (a	brittle	 failure),	
11	
condition	that	shall	be	avoided	if	the	structure	is	located	in	earthquake‐prone	areas[1].	Additionally,	
there	 is	 insufficient	 experimental	 data	 on	 the	 cyclic	 response	 of	 members	 with	 a	 yield	 strength	
greater	than	80	ksi	(550).	The	tensile‐to‐yield	strength	ratio	requirement	was	imposed	to	promote	










particular,	 experimental	data	 are	needed	 to	 evaluate	 the	 seismic	 response	of	 reinforced	concrete	
structural	 systems	 using	 high‐strength	 steel	 bars.	 This	 study	 focuses	 on	 the	 response	 of	 slender	








Two	 T‐shaped	 concrete	 walls	 reinforced	 with	 high‐strength	 steel	 were	 built	 and	 tested	 under	
reversed	cyclic	loading.	A	summary	of	the	test	program	in	Table	3	indicates	where	the	nominal	yield	
strength	 , 	the	 target	 tensile‐to‐yield	 strength	 ratio	 / , 	and	 the	 nominal	 concrete	
compressive	 strength	 	of	 the	 walls.	 Specimen	 T5	 had	 Grade	 120	 (830)	 flexural	 and	 shear	
reinforcement	with	 / 1.30,	whereas	T6	had	Grade	100	(690)	reinforcement	with	 / 1.15.	





stem	and	one	 at	 each	 tip	 of	 the	 flange.	These	 regions	were	 confined	using	No.	 3	 (10)	hoops	 and	
crossties	spaced	at	3	in.	(76.2	mm)	in	the	bottom	half	of	the	walls	and	at	6	in.	(152	mm)	in	the	top	




To	evaluate	 the	performance	of	 the	walls	under	 transverse	 lateral	 loads,	a	reversed	cyclic	
loading	was	applied	parallel	 to	 the	stem	at	 the	 top	of	 the	wall.	The	 loading	protocol	 followed	the	





Similar	 to	 the	 approach	 followed	 by	 Huq	 et	 al.[37],	 the	 specimens	 were	 designed	 to	 be	
controlled	by	flexure.	The	flexural	strength	 	was	determined	based	on	the	shear	strength	 	
calculated	 using	 the	minimum	 transverse	 reinforcement	 ratio	 allowed	 by	 ACI	 318‐14[1]	 for	
0.0025	and	satisfying	0.9 0.6 ,	where	 300	in.	 (7620	mm)	corresponds	 to	 the	 shear	
span.	 The	 shear	 strength	 was	 calculated	 as	 the	 contribution	 of	 the	 concrete	 and	 steel	 per	 the	
following	expression:	
	 2 , psi	ℓ ℓ 	 Eq.	1	
	

















































A	summary	of	 the	 tensile	 test	 results	 is	presented	 in	Table	9	 including	 the	yield	strength,	
tensile	strength,	tensile‐to‐yield	strength	ratio,	and	uniform	and	fracture	elongation.	The	reported	
values	are	the	average	of	two	tests.	The	uniform	elongation	 	was	calculated	using	the	second	
method	specified	 in	ASTM	E8	 [14],	where	 	was	taken	as	the	average	of	 the	two	strains	obtained	
from	the	intersection	of	the	stress‐strain	curve	with	a	horizontal	 line	at	99.5%	of	the	peak	stress.	
Reinforcement	 in	 T5	 showed	 a	 higher	 tensile‐to‐yield	 strength	 ratio	 / 1.33 	and	 lower	













Conventional	Grade	60	 (420)	 reinforcing	bars	were	used	 in	 the	base	 and	 top	blocks.	The	
vertical	 wall	 reinforcement	 was	 spliced	 at	 the	 top	 of	 Lift	 1,	 see	 Figure	 8,	 with	 the	 splice	 length	
determined	based	on	ACI	408[2,49].	The	specimens	were	painted	using	an	oil‐based	white	paint	 to	




The	 specimens	were	 anchored	 to	 the	 strong	 floor	 using	 14	No.	 14	 (43)	Grade	 100	 (690)	
threaded	rods	passing	through	the	27‐in.	(686‐mm)	deep	base	block,	see	Figure	13.	To	reduce	the	
stress	on	the	strong	floor,	the	tension	force	on	the	threaded	rods	reacted	on	spreader	beams	under	













External	 and	 internal	 instrumentation	 were	 installed	 to	 collect	 relevant	 data	 for	
understanding	 the	 behavior	 of	 the	 specimens.	 Linear	 variable	 differential	 transformers	 (LVDT),	
string	 potentiometers	 (string	 pots),	 infrared	 non‐contact	 position	 measurement	 system,	 and	




measure	 the	 total	 lateral	deformation	and	 twisting	of	 the	specimen,	 two	40‐in.	 (1020‐mm)	string	
potentiometers	were	installed	10	in.	(254	mm)	below	the	horizontal	plane	of	action	of	the	actuators	




To	 calculate	 the	 elongation	 and	 flexural	 rotation,	 four	 vertical	 LVDTs	 were	 mounted	 at	
opposite	ends	of	the	wall.	Two	of	them	were	installed	at	different	elevations	at	the	edge	of	the	stem	
whereas	 the	 other	 two	 were	 placed	 at	 the	 center	 of	 the	 flange	 also	 at	 different	 elevations.	 The	














3	 in.	 (76	mm)	 above	 the	 base	 of	 the	wall.	 The	 data	 collected	with	 the	motion	 capture	 system	 is	





























were	 set	 as	 0.01	 in./sec	 (0.25	mm/sec)	 for	 drift	 ratios	 not	 exceeding	 0.75%,	 0.02	 in./sec	 (0.	 51	
mm/sec)	for	1%	drift	ratio,	and	0.03	in./sec	(0.76	mm/sec)	for	drift	ratios	in	excess	of	1%.	










































negative	 loading	 directions,	 respectively.	 These	 correspond	 to	 a	 modulus	 of	 rupture	 of	 5.8	 and	
7.8 , psi 	(0.48	 and	 0.65 ,MPa )	 for	 positive	 and	 negative	 loading,	 respectively.	 Wall	 T6	
completed	one	cycle	to	3%	drift	ratio	and	failed	during	the	second	excursion	to	‐3%	drift	ratio.	During	










shown	 in	Table	 10.	 The	 peak	 forces	were	395	 and	290	 kips	 (1760	 and	1290	kN)	 in	 the	 positive	
direction	 and	 303	 and	 240	 kips	 (1350	 and	 1070	 kN)	 in	 the	 negative	 direction	 for	 T5	 and	 T6,	
respectively.	 As	 indicated	 in	 Table	 10,	 these	 values	 correspond	 to	4.6 	and	3.2 	in	 one	
direction	and	3.5 	and	2.7 	in	 the	other,	where	 	is	 the	measured	compressive	 strength	
reported	in	Table	8	(average	of	Lift	1	and	2).	In	the	positive	direction	of	loading,	the	recorded	lateral	
strength	for	T5	was	30%	greater	than	in	the	negative	direction,	whereas	for	T6	the	lateral	strength	
in	 the	 positive	 direction	 exceeded	 the	 negative	 direction	 by	 20%.	 The	 strength	 in	 the	 positive	
direction	was	greater	 than	 in	 the	negative	direction	because	when	 the	 flange	 is	 in	 tension,	more	
reinforcement	is	near	the	extreme	tension	fiber.	The	larger	overstrength	of	T5	is	explained	by	the	
greater	tensile‐to‐yield	strength	ratio	of	the	Grade	120	(830)	bars.	
The	 maximum	 drift	 ratio	 	achieved	 by	 both	 walls	 are	 shown	 in	 Table	 10	 and	




























difference	 between	 the	 crack	 patterns	 for	 both	 walls	 was	 in	 the	 penetration	 (or	 extent)	 of	 the	





















































direction	 (stem	 in	 tension),	 the	 bars	 above	 50	 in.	 (1270	 mm)	 did	 not	 elongate	 because	 the	































Figure	 84	 through	 Figure	 105	 show	 data	 recorded	 by	 strain	 gauges	 installed	 at	 different	
elevations	in	the	vertical	reinforcement	at	both	the	confined	and	unconfined	flanges	of	the	walls.	Data	





elongations	remained	positive	 throughout	 the	 test.	For	T5	and	T6,	yielding	of	 the	confined	 flange	
reinforcement	at	50	in.	(1270	mm)	and	100	in.	(2450	mm)	was	observed	at	a	drift	ratio	in	excess	of	
1%.		
The	 elongation	 of	 the	 longitudinal	 reinforcement	 recorded	 at	 different	 elevations	 at	 the	
unconfined	flange	are	shown	in	Figure	96	through	Figure	105.	A	few	of	these	figures	indicate	“Data	
not	 available”	 for	 cases	 where	 the	 strain	 gauge	 malfunctioned.	 For	 T5,	 the	 data	 indicate	 the	
reinforcement	yielded	near	a	drift	ratio	of	1%	at	an	elevation	of	2	in.	(51	mm),	as	shown	in	Figure	96.	
The	maximum	strain	observed	at	this	location	was	7%	at	a	drift	ratio	of	+2.28%.	This	value	was	30%	
greater	than	the	uniform	elongation	 for	this	type	of	reinforcement	 5.4% 	and	30%	smaller	
than	the	fracture	elongation	 9.9% .	Refer	to	No.	4	(13)	Grade	120	bars	in	Table	9	and	Figure	
11.	 Figure	 96	 shows	 a	 strain	 jump	 of	 4.5%	 was	 associated	 with	 the	 drift	 ratio	 changing	 from	
approximately	 2	 to	 3%	 in	 the	 positive	 loading	 direction	 (stem	 in	 compression).	 At	 peak	 lateral	




At	 an	 elevation	 of	 25	 in.	 (635	mm)	 above	 the	 base	 block,	 Figure	 98	 through	 Figure	 101	
indicate	the	reinforcement	yielded	during	the	cycle	to	1.5%	drift	ratio	for	T5	with	insufficient	data	
for	T6	to	clearly	identify	yielding.	At	an	elevation	of	50	in.	(1270	mm)	above	the	base	of	T6,	Figure	
103	 shows	 that	 non‐zero	 strains	 at	 zero	 drift	 ratio	 started	 to	 grow	 at	 drift	 ratios	 near	 1.5%,	 an	



























strain	 than	 in	T5.	The	distribution	of	maximum	 tensile	 strains	over	 the	height	 of	 the	wall	 shows	
greater	strains	 in	T6	 than	 in	T5	up	 to	an	elevation	of	50	 in.	 (1270	mm)	above	 the	base	block.	At	
elevations	greater	than	50	in.	(1270	mm)	the	envelope	tensile	strains	in	both	T5	and	T6	were	similar	
at	target	drift	ratios	of	1.5	and	2%.	The	maximum	measured	strains	inside	the	base	block	were	similar	




Figure	 124	 and	 Figure	 125	 for	 target	 drift	 ratios	 of	 1.5	 and	 2%.	 The	 figures	 show	 decreasing	
maximum	strains	with	an	increase	in	elevation	when	the	stem	is	in	compression	(positive	loading	






































strain	 is	 plotted	 versus	 the	 horizontal	 distance	 from	 the	 stem	 centerline.	 A	 comparison	 of	 the	
maximum	and	minimum	strain	profiles	(envelope	data)	calculated	for	the	confined	stem,	confined	




in	Figure	128	 through	Figure	135	 for	Column	1	 through	Column	8.	When	 loading	 in	 the	positive	
direction	 (stem	 in	 compression),	 an	 approximately	 uniform	 compressive	 strain	 distribution	was	
observed	at	Column	1	throughout	the	height	of	the	wall.	A	similar	pattern	is	observed	at	Column	2	
















and	 0.031	 at	 target	 drift	 ratios	 of	 ‐1,	 ‐1.5,	 ‐2,	 and	 ‐3%.	 The	 tensile	 strain	 magnitudes	 generally	
decreased	with	distance	 from	the	tip	of	 the	stem,	as	shown	in	Figure	129	through	Figure	134	for	
Columns	2	through	Column	7	(data	for	Column	1	were	not	available	for	bottom	rows).	Furthermore,	
the	 strains	 generally	 increased	with	 deformation	demand.	A	 compressive	 strain	distribution	was	
recorded	at	Column	8	up	to	a	target	drift	ratio	of	‐1.5%.	At	a	target	drift	ratios	of	‐2%	and	‐3%,	tensile	
strains	 were	 recorded	 in	 Layer	 2	 and	 above.	 Maximum	 tensile	 strains	 in	 the	 stem	 of	 T5	 were	
approximately	 0.03	 in	 Columns	 2	 and	 8	 for	 the	 negative	 and	 positive	 direction	 of	 loading,	



































distribution	 of	 strains	 at	 different	 heights	 (defined	 by	 six	 layers)	 above	 the	 base	 of	 the	wall	 are	
presented	 for	both	 loading	directions.	When	 the	 stem	of	T5	was	 in	compression,	average	surface	
concrete	strains	were	approximately	uniform	throughout	the	width	of	the	flange	at	different	levels	
of	deformation	demands,	with	the	exception	of	Layer	1	(Figure	144)	at	target	drift	ratios	of	2	and	3%,	







6	 (19)	 bars	 used	 at	 the	 flange	 boundary	 elements	 had	 very	 similar	mechanical	 properties	 (yield	
strength,	tensile‐to‐yield	strength	ratio,	and	uniform	elongation)	to	those	of	the	No.	4	(13)	bars	used	
at	the	unconfined	flange	(see	Table	9).	The	lower	reinforcement	ratio	at	the	flange‐stem	intersection	





















ksi	 (752	MPa)	and	 7.3%.	However,	 the	 tensile‐to‐yield	 strength	 ratio	was	different,	 /
1.18	for	the	No.	6	(19)	bars	and	 / 1.24	for	the	No.	4	(13)	bars.	The	lower	 / 	for	the	bars	at	






















due	to	 the	presence	of	a	yield	plateau	 in	 the	stress‐strain	curves	of	 the	reinforcement	used	 in	T5	
causing	a	strain	jump	at	first	yield.		
























components:	 flexural,	 shear,	 base	 shearing,	 and	 base	 opening.	 The	 data	 collected	 by	 the	 grid	 of	
markers	installed	at	the	bottom	87	in.	(2210	mm)	of	the	wall	(Figure	17	and	Figure	18)	were	used	to	










as	 the	 average	 of	 the	 distortion	 of	 seven	 stations.	 Each	 of	 the	 four	 angles	 on	 each	 station	were	
measured	at	the	beginning	of	the	test	( ,	 ,	 ,	and	 )	and	at	an	arbitrary	instant	in	time	 .	The	

















rotation,	 ;	shear	distortion,	 ;	and	core	expansion,	 ,	as	shown	in	Figure	164.	These	components	
were	defined	as	the	difference	between	the	angles	at	instant	 	and	the	initial	angles	(at	the	start	of	














Since	 the	 vertical	 and	 horizontal	 distance	 of	 a	 station	 was	 small	 14	 in.	 (356	 mm),	
approximately	 equal	 to	1/20 	and	1/7 ,	 a	 constant	 curvature	 along	 its	 height	 and	 length	was	
39	





A B C D 	 Eq.	12
	






























of	 1%,	 the	profile	of	 shear	distortion	was	nearly	uniform	 for	 Layers	1	 through	6	 in	both	 loading	
directions.	As	the	imposed	drift	increased,	greater	shear	distortions	generally	occurred	in	Layers	1	
through	 3	 with	 Layers	 4	 through	 6	 exhibiting	 a	 nearly	 uniform	 profile.	 In	 the	 positive	 loading	
direction,	maximum	shear	distortions	of	0.003,	0.009,	0.014,	and	0.019	generally	occurred	in	Layer	














target	 drift	 ratio	 of	 2%	 did	 not	 exceed	 0.1	 in.	 (2.5	mm).	 During	 the	 cycles	 to	 3%	drift	 ratio,	 the	
contributions	of	base	shearing	approached	0.20	in.	(5	mm)	in	the	negative	leading	direction	for	both	
T5	and	T6,	and	to	0.25	in.	(6.4	mm)	in	the	positive	loading	direction	for	T6.	The	larger	increase	in	





The	 flexural	 component	 of	 a	 layer	 was	 defined	 as	 the	 relative	 rotation	 between	 the	 two	
horizontal	rows	that	bound	the	layer	(Figure	162).	The	rotation	was	calculated	using	Eq.	14,	where	
the	first	term	is	the	rotation	of	the	top	row,	and	the	second	term	is	the	rotation	of	the	bottom	row.	
The	rotation	of	each	row	was	calculated	as	 the	relative	vertical	displacement	of	 the	 two	extreme	













The	 calculated	 flexural	 rotations	 for	T5	 and	T6	 are	 shown	 in	Figure	 169	 and	Figure	 170,	











When	 loading	 in	 the	 negative	 direction	 (stem	 in	 tension),	 an	 approximate	 linear	 distribution	 is	
observed	with	maximum	flexural	 rotations	at	 the	base	of	 the	wall	of	0.0010,	0.0018,	0.0028,	 and	
0.0043	rad	at	drift	ratios	of	‐1,	‐1.5,	‐2,	and	‐3%,	respectively.	At	a	drift	of	‐3%,	the	flexural	rotation	












increased	 considerably	 in	 Layer	 1	 and	 diminished	 in	 the	 top	 two	 layers	 (Layers	 5	 and	 6)	 to	












where	 , 	and	 , 	are	the	change	in	position	(along	the	vertical	 	axis)	of	markers	in	Row	1	at	
Columns	8	and	1,	and	ℓ 	is	 the	distance	between	markers	 in	Columns	1	and	8	(at	Row	1).	The	
rotation	of	the	base	 	about	an	axis	normal	to	the	plane	of	the	wall	stem	was	calculated	using	
the	 positions	 of	 markers	 B1	 and	 B6	 (Figure	 19).	 This	 deformation	 component	 accounts	 for	 the	

















apparent	 in	 the	 negative	 loading	 direction	 possibly	 due	 to	 the	 more	 gradual	 yielding	 of	 the	
reinforcement	layers	in	the	stem.		
4.5.5 Drift	Component	Comparisons	
The	 contribution	 of	 the	 four	 components	 of	 drift	 (shear,	 base	 shearing,	 flexure,	 and	 base	
opening)	to	the	total	lateral	deformation	is	determined	in	this	section	based	on	the	second	cycle	of	
each	step	of	the	loading	protocol	(Figure	9)	for	target	drift	ratios	between	0.5	and	2%.	The	following	
expressions	were	used	to	calculate	the	deformations	due	to	shear	 ∆ ,	base	shearing	 ∆ ,	flexure	
∆ ,	and	base	opening	 ∆ :	
Shear:	 ∆ 	 Eq.	16
Base	shearing:	 ∆ ∆ ∆ 	 Eq.	17
Flexure:	 ∆ , 	 Eq.	18
45	
Base	opening:	 ∆ 	 Eq.	19
	
where	all	terms	are	defined	in	Appendix	A.	
















































Figure	 178	 illustrates	 the	 crack	 width	 history	 versus	 drift	 ratio	 for	 the	 confined	 and	
unconfined	 flange	 when	 the	 stem	 was	 in	 compression	 (positive	 direction)	 followed	 by	 the	





























the	 elongation	 changed	 considerably	 between	 the	 specimens.	 The	 elongation	 profile	 for	 T5	was	
approximately	uniform	over	the	height	with	a	maximum	of	0.07	in.	(2	mm)	for	Layer	2	at	elevations	
between	17	and	31	in.	(432	and	787	mm)	above	the	base,	while	the	elongation	profile	for	T6	showed	
a	 more	 pronounced	 increase	 for	 Layers	 1	 and	 2,	 with	 a	 maximum	 of	 0.13	 in.	 (3.3	 mm).	 This	
deformation	was	nearly	twice	the	elongation	of	T5.	












unloading	 stiffness	 .	 Stiffness	 	is	 defined	 as	 the	 secant	 stiffness	 to	 the	 notional	 yield	 point	













the	positive	direction	and	35%	 in	 the	negative	direction.	These	differences	are	mainly	due	 to	T5	
having	a	higher	grade	of	reinforcement	and	a	higher	tensile‐to‐yield	strength	ratio.	
The	key	parameters	used	to	determine	the	effective	initial	stiffness	are	shown	in	Figure	189,	





























base	 of	 the	 wall.	 This	 contribution	 was	 calculated	 assuming	 the	 primary	 flexural	 reinforcement	
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develops	 	for	an	embedment	 length	of	2 	into	 the	 foundation	with	a	uniform	bond	stress.	An	
average	 strain	 of	 /2 	was	 assumed	 along	 the	 embedment	 length.	 The	 design	 equation	 for	
development	length	in	ACI	408[2]	was	used	to	determine	 .	Values	of	 20	for	T5	and	16	for	T6	were	
derived	for	 1,	confined	concrete,	 ,	and	actual	 .	
4.8.2 Unloading	Stiffness	
The	 unloading	 stiffness	 was	 defined	 as	 the	 secant	 stiffness	 calculated	 from	 the	 point	 of	
maximum	drift	 ∆ , 	of	a	loading	cycle	to	the	point	of	zero	shear	force	 ∆ , 0 	after	unloading	
from	the	point	of	maximum	drift.	The	unloading	stiffness	shown	in	Table	14	and	illustrated	in	Figure	
192	 corresponds	 to	data	measured	during	 the	 second	 cycle	 for	 each	 step	of	 the	 loading	protocol	
(Table	4),	starting	from	step	2	with	a	target	drift	ratio	of	0.3%.	In	this	figure,	 	was	plotted	against	
drift	ratio	showing	a	reduction	of	approximately	35%	from	 1%	to	 2%	for	both	walls.	T6	
exhibited	a	reduction	in	the	value	of	 	of	nearly	50%	from	 1%	to	 3%.	The	unloading	















for	 	and	∆ ,	the	values	of	 	were	determined	for	different	drift	ratios	based	on	Eq.	20,	where	the	
notional	yield	displacement	 ∆ 	was	 taken	as	 the	deformation	associated	with	 0.8 	(per	
loading	 direction)	 divided	 by	 	(taken	 as	 the	 average	 of	 	and	 ,	 reported	 in	 Table	 12).	 The	
calculated	values	of	 	are	shown	in	Figure	194	for	both	walls	as	a	function	of	the	normalized	yield	







model	are	 illustrated	 in	Figure	186.	 In	 this	 figure,	 the	 initial	 stiffness	 	in	both	directions	was	
taken	 as	 the	 average	 of	 the	 measured	 stiffness	 in	 the	 positive	 and	 negative	 loading	 directions,	
reported	at	 the	bottom	of	Table	12.	The	post‐yield	stiffness	 	was	taken	as	0.15 	for	T5	and	
0.05 	for	 T6;	 the	 yield	 force	 	was	 the	 value	 associated	 with	 0.8 ,	 and	 the	 stiffness	
reduction	exponent	 	was	taken	as	0.35	for	both	walls	based	on	Figure	194.		
The	comparison	between	 the	 calculated	 force‐deformation	 relationship	 (based	on	Takeda	
model)	and	the	measured	response	is	shown	in	Figure	195	and	Figure	196.	The	initial	line	segments	
of	 the	Takeda	model	 connect	 the	origin	 to	 the	yield	points	of	 coordinates	 / , 	followed	by	
post‐yield	line	segments	of	slope	 	connecting	the	points	corresponding	to	peak	drift	in	Table	14.	
At	each	peak	drift,	the	model	unloads	based	on	the	value	of	 	and	reloads	in	the	opposite	direction	
toward	 the	 previously	 attained	maximum	displacement	 in	 the	 direction	 of	 loading.	 A	 reasonable	




































and	modeling	 parameters	 are	 shown	 in	 Figure	 10‐1(a)	 and	 Table	 10‐19	 of	 ASCE	41‐17	with	 the	
definitions	of	points	A	 through	E	(see	Table	15).	 In	ASCE	41	(2017),	the	initial	 line	segment	AB	 is	
defined	by	the	effective	initial	stiffness	based	on	 	and	 , ,	in	combination	with	the	strength	at	
B	based	 on	 	(see	 Table	 15).	 The	 capping	 or	 peak	 force	 defines	 point	C	 based	 on	 ,	 and	 the	
residual	strength	defines	points	D	and	E.	The	values	in	Table	15	for	ASCE	41	correspond	to	walls	
controlled	 by	 flexure	 and	 subjected	 to	 low	 axial	 stress.	 For	 T5,	 the	 normalized	 shear	 stress	 of	






and	 , / 	are	more	realistic	than	those	obtained	following	ASCE	41.	It	is	important	to	note	that	
both	models	(Proposed	and	ASCE	41)	consider	the	combined	effects	of	the	effective	flexural	and	shear	
stiffness	on	the	initial	stiffness.	
The	 data	 in	 Figure	 203	 show	 that	 the	 measured	 response	 for	 both	 walls	 intersects	 the	
proposed	post‐yield	line	between	points	B	and	C,	whereas	the	proposed	post‐yield	line	based	on	ASCE	
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41	 (2017)	 only	 intersects	 the	 measured	 response	 of	 T5	 in	 the	 positive	 loading	 direction.	 The	
proposed	value	of	1.1 	instead	of	 	(see	footnote	h	in	Table	15)	provides	a	reasonable	estimate	
of	 the	 expected	 strength.	 Regarding	 the	 deformation	 capacity	 and	 residual	 strength	 defined	 by	
segment	DE,	the	curves	for	T5	and	T6	exceed	segment	DE	in	both	loading	directions,	an	indication	
that	the	proposed	envelope	represents	reasonable	limits.	









who	 tested	 four	 walls	 (T1	 through	 T4)	 with	 nearly	 identical	 geometry,	 test	 setup,	 and	 loading	
protocol.	One	of	these	walls	(T1)	was	the	control	specimen	with	conventional	reinforcement	(Grade	
60	or	420	MPa),	the	other	three	(T2,	T3,	and	T4)	were	reinforced	with	Grade	100	(690	MPa)	steel	













No.	 6	 (19)	 bars	 in	 T1	 and	 6	 No.	 6	 (19)	 bars	 in	 all	 other	 walls.	 The	 amount	 of	 longitudinal	 and	
transverse	 reinforcement	 in	 the	unconfined	stem	and	 flange	was	 identical	 in	T1	 through	T6.	The	
amount	of	confining	reinforcement	in	T2	through	T6	was	identical.	
As	 indicated	 in	 Table	 17,	 the	 tensile‐to‐yield	 strength	 ratios	 \ 	of	 the	 longitudinal	
reinforcement	varied	from	1.34	to	1.39	for	Grade	60	in	T1,	1.10	to	1.36	for	Grade	100	(690)	in	T2,	T3,	
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T4,	 and	 T6,	 and	 1.32	 to	 1.33	 for	 Grade	 120	 (830)	 in	 T5.	 The	 uniform	 elongation	 	in	 all	 of	
reinforcing	bars	was	greater	than	6%	except	for	the	No.	4	bars	in	T2	and	all	bars	in	T5.	
Figure	 208	 shows	 the	wall	 drift	 ratio	 capacity	 ( from	Table	 21)	 versus	 the	 uniform	
elongation	( 	from	Table	17)	of	the	longitudinal	reinforcing	bars	for	each	wall.	The	data	in	Figure	
208	show	that	walls	having	 longitudinal	 reinforcement	with	 6%	and	 / 1.2,	had	a	drift	
ratio	capacity	of	3%	or	greater.	Figure	209	shows	the	wall	drift	ratio	capacity	versus	the	fracture	
elongation	( 	from	Table	17)	of	the	longitudinal	reinforcing	bars	for	each	wall.	The	figure	shows	





after	rounding	down	values	of	 ,	 / ,	 ,	and	 	to	3%,	1.2,	6%,	and	10%,	respectively.	




whereas	 in	 T2	 the	 uniform	 elongation	 was	 5.7%.	 This	 25%	 difference	 in	 uniform	 elongation,	
combined	with	the	lower	values	of	 / 	and	 	for	T2,	had	effect	on	the	deformation	capacity	of	T2	
1.8% 	compared	with	T6	 3.1% .	 In	addition,	when	comparing	two	walls	with	





































measured	 at	 a	 drift	 ratio	 of	 1.5%),	whereas	 for	 T6	 the	maximum	 tensile	 strain	 remained	 nearly	
proportional	to	the	increase	in	drift	ratio.	Note	that	the	No.	6	(19)	bars	in	the	confined	stem	of	T2	and	
T6	had	similar	tensile‐to‐yield	strength	ratio	( / 1.15	for	T2	and	 / 1.18	for	T6)	and	bars	
in	 T6	 did	 not	 exhibit	 a	 yield	 plateau.	 The	 envelope	 of	 minimum	 strains	 (compressive	 strains)	
recorded	for	the	reinforcement	in	the	confined	stem	were	similar	in	all	six	walls	except	for	T1	and	T2	











ratios	 of	 1.5	 and	 2%.	 The	 maximum	 recorded	 reinforcement	 strain	 when	 the	 stem	 was	 in	
compression	were	similar	at	the	base	of	the	walls	(2	in.	or	51	mm	above	the	base	block)	with	the	













were	 greater	 in	 T2	 possibly	 due	 to	 the	 lower	 / 	of	 their	 No.6	 (19)	 bars	 in	 the	 confined	 stem	
( / 1.15	for	T2	and	1.18	for	T6).	Figure	220	also	shows	T2	and	T6	at	a	drift	ratio	of	2%	with	
maximum	tensile	strains	at	the	base	of	the	confined	flange,	which	is	also	reinforced	with	No.	6	(19)	














each	deformation	component	within	 the	bottom	87	 in.	 (2210	mm)	of	 the	wall	 instrumented	with	
optical	markers	(see	Figure	17	and	Figure	18).	The	calculated	data	are	plotted	as	a	percentage	of	total	











Figure	227	 shows	 the	envelope	of	 the	 shear	 versus	drift	 ratio	 for	 each	of	 the	 six	walls	 in	
individual	 plots.	 These	 plots	 are	 combined	 in	 Figure	 228.	 The	 plotted	 data	 show	 in	 the	 positive	
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loading	direction	that	all	the	walls	with	high‐strength	reinforcement	exhibited	similar	behavior,	as	








section	 4.8.	 The	 normalized	 effective	 initial	 stiffness	 is	 shown	 in	 Figure	 229	 and	 the	 normalized	
moment	 of	 inertia	 in	 Figure	 230	 for	 all	 six	 walls.	 The	 wall	 with	 conventional	 Grade	 60	 (420)	




































that	 the	peak	stress	 is	 associated	with	a	 larger	strain.	The	stress‐strain	 relationship	 followed	 the	
models	 proposed	 by	 other	 researchers[55,81].	 A	 representative	 stress‐strain	 curve	 for	 concrete	 is	
shown	in	Figure	235(a),	and	the	parameters	needed	to	develop	both	the	confined	and	unconfined	
models	are	listed	in	Table	19.	For	simplicity,	the	behavior	in	tension	is	assumed	to	be	linear	up	to	a	
tensile	strength	of	7.5 	 psi 	 0.62 	 MPa 	with	zero	post‐cracking	strength.	







Kent	and	Park[68]	 stress‐strain	model.	The	peak	stress	 	of	 the	 confined	concrete	was	calculated	
using	Eqs.	22	through	23.		
	 	 Eq.	22	












Two	models	 were	 considered	 for	 the	 uniaxial	 stress‐strain	 relationships	 of	 steel	 bars:	 a	
perfectly	elastoplastic	model	and	a	nonlinear	strain‐hardening	model.	The	elastoplastic	model	was	
used	to	determine	the	nominal	 flexural	strength	 	of	 the	walls.	The	strain‐hardening	model	was	
adopted	to	derive	the	moment‐curvature	relationships.	The	elastoplastic	model	was	defined	using	






















60	 (420)	 reinforcement,	 the	other	 figures	 correspond	 to	walls	T2	 through	T6	with	high‐strength	
reinforcement.	All	of	these	figures	identify	key	events:	first	yielding	of	the	steel	tension	fiber	 ;	
nominal	 flexural	 strength	 ;	 the	 point	where	 the	 extreme	 tension	 fiber	 reached	 the	 uniform	





















curvature	 greater	 than	 the	 curvatures	 associated	 with	 concrete	 compressive	 strains	 of	 ,
0.015.	





The	maximum	moment	 	measured	 during	 the	 test	 normalized	 by	 the	 calculated	
nominal	flexural	strength	 	is	shown	in	Figure	245	and	normalized	to	the	maximum	calculated	
moment	( 	based	on	moment‐curvature	analysis)	in	Figure	246.	The	data	in	Figure	245	show	that	
the	 nominal	 strength	 is	 smaller	 than	 the	measured	moment	 in	 all	 cases,	 except	 for	 the	 negative	
direction	of	T2.	During	the	test,	T2	did	not	mobilize	its	flexural	strength	because	bars	fractured	before	
completing	 the	 2%	 drift	 cycle.	 The	maximum	moment	 from	 the	moment‐curvature	 analysis	was	
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generally	greater	than	the	measured	moment	resulting	in	ratios	less	than	one	in	Figure	246,	which	






structural	 walls	 can	 be	 represented	 with	 reasonable	 accuracy	 if	 the	 total	 lateral	 displacement	
















2 1 	 Eq.	24	
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where	 ,	 ,	and	 	are	the	cracking,	yielding,	and	ultimate	curvature,	respectively,	and	 	and	 	
are	 coefficients	 to	 define	 the	 shape	 of	 the	 curvature	 diagram	 indicated	 in	 Figure	 249(c).	 These	
coefficients	 depend	 on	 the	 relative	 values	 of	 the	moments	 at	 cracking	 ,	 yielding	 ,	 and	
ultimate	 	depending	on	the	flexural	rotation	being	calculated	using	Eq. 24:	at	cracking,	 1	
and	 1	to	determine	 ;	at	yielding,	 / 	and	 1	to	determine	 ;	and	at	ultimate,	
/ 	and	 / 	to	 determine	 .	 The	 displacement	 associated	 with	 each	 of	 these	
rotations	is	obtained	by	multiplying	the	rotation	times	the	height	 	of	the	cantilever	wall.	
The	cracking	moment	is	calculated	based	on	the	modulus	of	rupture	recommended	in	ACI	
318‐14[1].	Different	definitions	of	 the	yield	point	were	 evaluated	based	on:	 (a)	 yield	 strain	 at	 the	
extreme	 tensile	 reinforcement,	 ,	 (b)	 yield	 strain	 at	 the	 centroid	 of	 the	 boundary	 element	 in	
tension,	 and	 (c)	 yield	 strain	 at	 distance	0.8 	from	 the	 extreme	 compression	 fiber,	 .	 These	
definitions	are	shown	with	different	symbols	in	Figure	250	through	Figure	255	for	each	of	the	six	
walls.	 Of	 the	 three	 definitions,	 	best	 represented	 the	 point	 where	 a	 significant	 slope	 change	
occurred	in	both	direction	of	analysis.	
Two	different	definitions	were	used	to	determine	the	ultimate	point	depending	on	the	loading	





To	 determine	 the	 displacement	 associated	with	 shear	 deformations	 ∆ ,	 the	walls	 were	
assumed	to	have	a	bottom	and	a	top	region	with	different	properties.	It	was	assumed	that	the	shear	
deformations	 of	 the	 bottom	 region	 (bottom	 one‐third	 of	 the	 wall)	 was	 greater	 than	 the	 shear	
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deformation	 of	 the	 top	 region	 (top	 two‐thirds	 of	 the	 wall).	 Thus,	 ∆ 	was	 calculated	 using	 the	
following	expressions:	









where	∆ , 	is	 the	displacement	due	to	shear	deformations	 in	the	plastic	hinge	region	defined	by	
1 	with	 / ;	∆ , 	is	the	displacement	due	to	shear	deformations	in	the	top	two‐
thirds	of	the	wall;	 	is	the	shear	force	associated	with	 	based	on	 ;	 	is	the	effective	
area	of	the	concrete	resisting	shear;	and	 	is	the	ratio	of	effective	shear	stiffness	to	uncracked	shear	
stiffness	for	the	top	and	bottom	regions	of	the	wall,	determined	as	explained	below.	
The	 shear	 stiffness	 of	 the	 top	 region	 of	 the	wall	 was	 assumed	 to	 be	1/10	the	 uncracked	
stiffness	of	the	wall,	as	recommended	by	Huq	et	al.[37]	Therefore,	 , 1/10	was	used	throughout	
the	analysis.	The	values	of	 , 	for	the	plastic	hinge	region	were	derived	based	on	the	average	shear	
distortion	 in	 the	bottom	50	 in.	 (127	mm)	of	each	wall	 (Figure	256).	The	data	show	that	 , 	is	
nearly	linear	proportional	to	drift	ratio.	Based	on	the	data	in	Figure	257,	Eq.	28	is	proposed	for	 , 	
for	all	walls	regardless	of	the	loading	direction.	









	 ∆ 	 Eq.	29	
	
















where	∆ , 	is	 the	 displacement	 corresponding	 to	 the	 yield	 curvature	 ,	∆ , 	is	 the	 displacement	
associated	with	 the	plastic	curvature	 ,	 	is	 the	 length	of	 the	plastic	hinge,	and	 	is	 the	
72	
height	of	the	wall	(from	base	to	point	of	load	application).	The	plastic	hinge	length	is	typically	taken	
as	 0.5 when	 considering	 flexural	 deformations	 and	 neglecting	 other	 sources	 of	 deformations	







where	 	is	 the	 yield	 moment	 and	 	is	 the	 maximum	 moment	 from	 the	 moment‐curvature	
relationship.	The	coefficient	of	1/2	adjusts	the	assumed	constant	plastic	curvature	 	to	the	








the	 curvature	 corresponding	 to	 	(for	 stem	 in	 tension).	 Considering	 that	 moment‐curvature	
analyses	do	not	 account	 for	 reversed	 cyclic	 loading,	 it	was	assumed	 that	 a	 compressive	 concrete	
strain	of	0.015	at	the	extreme	fiber	of	the	boundary	element	represent	the	onset	of	bar	buckling,	a	
key	event	in	the	failure	mechanism	of	most	of	the	T‐shaped	walls	considered.	
The	 effects	 of	 shear	 deformations	 and	 strain	 penetration	 on	 the	 total	 deformation	 were	










The	plotted	data	 in	Figure	259	based	on	 the	 stem	 in	 compression	show	 that	 estimates	of	
deformation	capacity	for	all	models	were	generally	conservative	(safe),	except	for	T2,	which	was	the	
wall	that	failed	prematurely	mostly	due	to	the	combined	effects	of	low	 / 	and	 .	Excluding	T2,	
Model	B1	was	generally	closer	to	the	measured	deformation	capacity	than	the	other	models.	










experimental	 data	 measured	 during	 the	 tests.	 Measured	 and	 calculated	 tensile	 strains	 for	 the	
longitudinal	reinforcement	and	concrete	surface	are	reported	for	target	drift	ratios	of	1.5	and	2%.	
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Calculated	 compressive	 strains	 are	 compared	with	 concrete	 surface	 strains	 (based	 on	 data	 from	




























































Model	B1	 (based	 on	 flexure	with	ℓ 0.5ℓ )	 resulted	 in	 strains	 that	were	 similar	 to	 the	
strains	calculated	with	Model	B2	(based	on	combined	 flexure,	 shear,	and	strain	penetration,	with	










walls	 (T5	 and	T6)	 subjected	 to	 reversed	 cyclic	 loading	 to	 assess	 their	 deformation	 capacity.	 The	
primary	variables	were	 the	yield	strength	 	and	 the	 tensile‐to‐yield	strength	ratio	 / .	The	
results	were	compared	with	experimental	data	from	four	walls	(T1,	T2,	T3,	and	T4)	tested	by	Huq	et	
al.	(2017)	at	The	University	of	Kansas	to	evaluate	the	influence	of	the	uniform	elongation	 	and	
fracture	elongation	 ,	in	addition	to	 	and	 / of	high‐strength	reinforcement	on	the	behavior	
of	concrete	walls	subjected	to	reversed	cyclic	loading.	
The	 design	 of	 the	walls	 complied	with	 ACI	 Building	 Code	 (ACI	 318‐14)	 and	 the	 detailing	
recommendation	 in	 ATC	 115	 for	 Grade	 100	 reinforcement.	 Wall	 T5	 used	 Grade	 120	 (830)	












1) Test	 results	 confirmed	 the	 recommendations	 made	 by	 Huq	 et	 al.[37]	 for	 high‐strength	
reinforcement	 in	earthquake‐resistant	walls:	 to	 satisfy	 / 	≥	1.2,	 	≥	6%,	and	 	≥	10%	 in	
order	to	achieve	deformation	capacities	similar	to	those	of	walls	reinforced	with	conventional	
Grade	60	(420)	reinforcement.	
2) Regardless	of	the	value	of	 / 	(in	the	range	between	1.1	and	1.33),	high‐strength	reinforcement	
with	 	<	6%	exhibited	a	reduced	deformation	capacity	compared	with	that	of	walls	reinforced	
with	 conventional	 Grade	 60	 (420)	 reinforcement,	 as	 demonstrated	 by	 T5	 with	 flexural	

















5) The	 strength	 of	 walls	 T5	 and	 T6,	 in	 both	 loading	 directions,	 exceeded	 the	 shear	 strength	














conservative	 (safe),	 in	all	 six	walls	except	 for	T2,	which	 failed	prematurely	mostly	due	 to	 the	
combined	 effects	 of	 low	 / 	and	 .	 Excluding	 T2,	 Model	 B1	 was	 generally	 closer	 to	 the	
measured	deformation	capacity	than	the	other	models.	
9) The	strains	calculated	based	on	both	models	considered	(Models	A	and	B)	generally	provided	
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Year	 ACI	318	 Year	 ASTM	















	 	 1972	 Grade	75	(520)	is	removed	from	ASTM	A615.	










	 	 1987	 Grade	75	(520)	is	reintroduced	in	ASTM	A615.
	 	 2001	 ASTM	A955	Grade	75	(520)	is	introduced.	




















































Tensile	strength,	min		 ksi	 	 90	 100	 105	 115	 	 80h	 100h	 	 150	 150	
Yield	strength,	min	 ksi	 	 60	 75	 80	 100	 	 60	 80	 	 100	 120	
Yield	strength,	max	 ksi	 	 ‐	 ‐	 ‐	 ‐	 	 78	 98	 	 ‐	 ‐	
Elongation	in	8	in.	 	 	 	 	 	 	 	 	 	 	 	 	
					Bar	size	 	 	 	 	 	 	 	 	 	 	 	 	
3,	4,	5,	6	 %	 	 9	 7	 7	 7	 	 14	 12	 	 7	 7	
7,	8	 %	 	 8	 7	 7	 7	 	 12	 12	 	 7	 7	
9,	10,	11	 %	 	 7	 6	 6	 6	 	 12	 12	 	 7	 7	
14,	18	 %	 	 7	 6	 6	 6	 	 10	 10	 	 6	 6	




















	a	 / 	b	 	b	
ksi	 	 ksi	
T5c	 120	 1.30	 8	








































Cast	day	 Test	day	 Age	 	 Cast	day	 Test	day	 Age	






Wall	Lift	1	 10/28/2016	 263	 	 2/20/2017	 168	
Wall	Lift	2	 11/21/2016	 239	 	 3/6/2017	 154	
Top	Block	 12/14/2016	 216	 	 3/20/2017	 140	












Wall	Lift	1	 Wall	Lift	2	 Wall	Lift	1	 Wall	Lift	2	
	 	 	 	 	 	 	
Water	 gal	 34	 33	 	 34	 34	
Cementitious	Material	( ):	 	 	 	 	 	 	
Cement	 lb	 646	 659	 	 651	 646	
Fly	Ash	 lb	 149	 155	 	 165	 157	
Fine	Aggregate	 lb	 1689	 1683	 	 1683	 1690	
Coarse	Aggregatea	 lb	 1206	 1190	 	 1200	 1207	
Admixtures:	 	 	 	 	 	 	
Retarder	 oz	 32	 32	 	 32	 32	
Rheology	Modifier	 oz	 48	 48	 	 48	 48	
Water	Reducerb	 oz	 56	 56	 	 56	 56	
	 	 	 	 	 	 	
Water/ 	 	 0.36	 0.35	 	 0.35	 0.35	














	a	 	b	 	 	a	 	b	
ksi	 ksi	 	 ksi	 ksi	
Base	Block	 6.6	c	 0.61	d	 	 7.3	d	 0.51	d	
Wall	Lift	1	 7.5	d	 0.61d	 	 7.3	d	 0.66	d	
Wall	Lift	2	 7.6	d	 0.62	d	 	 9.2	d	 0.70	d	
Lift	Average	 7.5	 0.61	 	 8.2	 0.68	

































6	(19)e	 0.750	 129	 171	 1.33	 5.4%	 9.9%	
4	(13)e	 0.500	 127	 167	 1.32	 5.3%	 8.6%	
3	(10)f	 0.375	 140	 174	 1.24	 4.7%	 7.3%	
	 	 	 	 	 	 	 	
T6	
6	(19)e	 0.750	 112	 132	 1.18	 7.1%	 10.1%	
4	(13)e	 0.500	 109	 134	 1.24	 7.3%	 9.7%	
















	 	a	 	b	 	c	 	d	
Wall	 kips	 	 psi 	 %	 %	
	 	 	 	 	 	 	 	
T5	 303	 395	 3.5	 4.6	 2.3	 2.8	 2.3	
T6	 240	 290	 2.7	 3.2	 3.1	 3.9	 3.1	
a	Maximum	measured	shear	force	for	each	loading	direction	during	the	loading	protocol	(Table	
4).	













i+	 i–	 ii+	 ii–	 i+	 i–	 ii+	 ii–	 i+	 i–	 ii+	 ii–	
T5	
Flange	
Unconfined	 	 	 	 	 	 	 	 	 	 	 	 	
Confined	 	 	 	 	 	 	 	 	 	 	 	 	
Stem	
Unconfined	 	 	 	 	 	 F	 	 	 	 	 	 	
Confined	 	 	 	 	 	 F	 	 	 	 	 	 	
T6	
Flange	
Unconfined	 	 	 	 	 	 	 	 B	 	 	 	 	
Confined	 	 	 	 	 	 	 	 	 	 	 	 	
Stem	
Unconfined	 	 	 	 	 	 	 	 	 	 F	 	 	






















	a	 	 b	 	c	 	a	 	 b	 	c	
%	 kips	 	 kips/in.	 %	 kips	 	 kips/in.	
	 	 	 	 ‐2.16	 ‐112	 0.47	 18	
‐2.26	 ‐303	 1.00	 47	 ‐3.09	 ‐240	 1.00	 27	
‐1.78	 ‐297	 0.98	 58	 ‐2.05	 ‐236	 0.99	 40	
‐1.38	 ‐280	 0.92	 71	 ‐1.58	 ‐236	 0.99	 52	
‐0.93	 ‐241	 0.79	 90	 ‐1.06	 ‐230	 0.96	 76	
‐0.69	 ‐208	 0.69	 106	 ‐0.85	 ‐225	 0.94	 92	
‐0.39	 ‐170	 0.56	 152	 ‐0.38	 ‐175	 0.73	 159	
‐0.24	 ‐117	 0.39	 174	 ‐0.29	 ‐130	 0.54	 157	
0	 0	 0	 –	 0	 0	 0	 ‐	
0.24	 130	 0.33	 187	 0.23	 131	 0.45	 203	
0.39	 175	 0.44	 159	 0.39	 175	 0.61	 155	
0.50	 225	 0.57	 157	 0.55	 225	 0.78	 142	
0.75	 268	 0.68	 124	 0.78	 261	 0.90	 117	
1.26	 325	 0.82	 90	 1.31	 290	 1.00	 77	
1.76	 362	 0.92	 72	 1.81	 288	 0.99	 56	
2.77	 395	 1.00	 50	 2.83	 290	 1.00	 36	
	 	 	 	 3.92	 247	 0.85	 22	
. 	 ‐242	 	=	 89	 . 	 ‐192	 	=	 124	












Term	a	 Unit	 T5	 T6	
	 	 	 	 	 	
	 in.	 297	 297	 297	 297	
	 in.	 286	 286	 286	 286	
ℓ 	 in.	 100	 100	 100	 100	
	 in.	 10	 10	 10	 10	
				 b	 ksi	 7.5	 7.5	 8.2	 8.2	
				c	 ksi	 129	 129	 112	 112	
d	 ksi	 4,940	 4,940	 5,160	 5,160	
	e	 ksi	 2,060	 2,060	 2,150	 2,150	
	 ksi	 29,000	 29,000	 29,000	 29,000	
, 	 in.	 7.7	 23.9	 7.5	 23.5	
	 in.4	 244,000	 266000	 234,000	 256,000	
	 	 1/10	 1/10	 1/10	 1/10	
	 in.	 0.75	 0.75	 0.75	 0.75	
	f	 	 20	 20	 16	 16	
Kf	g	 	 	 kips/in.	 146	 159	 146	 160	
Kv	h	 	
ℓ
	 kips/in.	 720	 720	 752	 752	
Ksp	i	 	 	 kips/in.	 950	 1030	 1180	 1300	
,
	j	 kips/in.	 108	 116	 111	 120	
,
	k	 kips/in.	 89	 96	 124	 136	
,
,




d	 Modulus	of	Elasticity	of	concrete,	57 1000 	,	ksi.	
e	 Shear	modulus	of	concrete:	 /2.4	ksi.	
f	 From	2 ℓ / 	where	ℓ 	is	 based	 on	 Eq.	 (4‐11a)	 in	 ACI	 408[2]	 using	 1,	 1,	 and	
/ 4:	
ℓ / 2400 /305,	where	 1000 	for	base	block	in	Table	8	( 6.6	ksi	
for	T5	and	7.3	ksi	for	T6).	
g	 From	flexural	deflection	∆ 	an	at	elevation	 	of	a	cantilever	beam	with	flexural	rigidity	
and	subjected	to	point	load	 	at	 :		
∆ 3 / 6 	 .	
h	 From	 shear	 deflection	 ∆ 	an	 at	 elevation	 	of	 a	 cantilever	 beam	 with	 shear	 rigidity
ℓ 	and	subjected	to	point	load	 	at	 	(see	Moehle[55]	for	typical	values	of	 ):	
∆ ℓ⁄ .		
i	 From	 deflection	 due	 to	 strain	 penetration	∆ 	an	 at	 elevation	 	assuming	 an	 additional	
curvature	of	 ⁄ 	over	a	distance	 	lumped	at	the	base	of	the	wall:	
	 ∆ ⁄ .	

















	a	 ∆	a	 	a	 b	 ∆	a	 	a	 b	
%	 in.	 kips	 kips/in.	 in.	 Kips	 kips/in.	
	 	 	 	 	 	 	 	
‐3	




∆ 	 	 	 ‐5.51	 0	
‐2	




∆ 	 ‐1.46	 0	 ‐2.66	 0	
‐1.5	




∆ 	 ‐1.11	 0	 ‐1.77	 0	
‐1	




∆ 	 ‐0.75	 0	 ‐0.82	 0	
‐0.75	




∆ 	 ‐0.58	 0	 ‐0.82	 0	
0.75	




∆ 	 0.18	 0	 ‐0.03	 0	
1	




∆ 	 0.11	 0	 0.21	 0	
1.5	




∆ 	 0.23	 0	 0.53	 0	
2	
∆ 	 5.07	 337	
79	
5.27	 260	 79	
∆ 	 0.81	 0	 1.98	 0	 	
3	




∆ 	 	 	 4.31	 0	
a	For	a	given	target	drift	ratio	 ,	shear	 	corresponds	to	peak	drift	∆ 	
during	second	cycle	to	 .	Drift	∆ 	corresponds	to	zero	shear	(unloading	
from	∆ )	and	is	measured	during	second	cycle	to	 .	

















b	 0.020	 0.15	 Same	as	ASCE	41	
c	 0.75	 0.40	 Same	as	ASCE	41	
/ 	b	 0.35	 0.35	 1/7	(Grade	100)	c,d	
	 	 	 1/9	(Grade	120)	c	
, / 	b	 1.0	 1.0	 1/10	d	
	e	 	f	 	f	 0.9 	f,d	






































6	(19)	 0.750	 			70	 			94	 1.34	 12.2%	 15.0%	f	
4	(13)	 0.500	 			76		 106	 1.39	 11.0%	 14.0%	f	
3	(10)	 0.375	 					60	f	 					91	f	 1.52	 ‐	 16.5%	f	
	 	 	 	 	 	 	 	
T2	e	
6	(19)	 0.750	 108	 124	 1.15	 8.9%	 13.0%	f	
4	(13)	 0.500	 108		 119		 1.10	 5.7%	 10.0%	f	
3	(10)	 0.375	 		109	f	 		134	f	 1.23	 ‐	 11.3%	f	
	 	 	 	 	 	 	 	
T3	e	
6	(19)	 0.750	 			99	 122	 1.23	 9.4%	 12.5%	f	
4	(13)	 0.500	 101	 122	 1.21	 6.6%	 12.5%	f	
3	(10)	 0.375	 		109	f	 		134	f	 1.23	 ‐	 11.3%	f	
	 	 	 	 	 	 	 	
T4	e	
6	(19)	 0.750	 			96	 131	 1.36	 8.6%	 12.5%	f	
4	(13)	 0.500	 107		 128	 1.20	 6.5%	 10.9%	f	
3	(10)	 0.375	 		109	f	 		134	f	 1.23	 ‐	 11.3%	f	
	 	 	 	 	 	 	 	
T5	
6	(19)	 0.750	 129	 171	 1.33	 5.4%	 9.9%	
4	(13)	 0.500	 127		 167	 1.32	 5.3%	 8.6%	
3	(10)	 0.375	 140	 174	 1.24	 4.7%	 7.3%	
	 	 	 	 	 	 	 	
T6	
6	(19)	 0.750	 112	 132	 1.18	 7.1%	 10.1%	
4	(13)	 0.500	 109		 134	 1.24	 7.3%	 9.7%	
















T1	a	 T2	a	 T3	a	 T4	a	 T5	 T6	
Unconfined	concrete	 	 	 	 	 	 	
	b	 ksi	 7.3	 7.8	 7.3	 7.9	 7.5	 8.2	
	c	 	 0.0025	 0.0025	 0.0025	 0.0025	 0.0025	 0.0025	
	d	 	 117	 120	 110	 120	 120	 121	
	e	 ksi	 0.64	 0.66	 0.64	 0.67	 0.65	 0.68	
	f	 ksi	 4870	 5030	 4870	 5070	 4940	 5160	
Confined	concrete	 	 	 	 	 	 	
	g	 	 1.20	 1.29	 1.31	 1.29	 1.39	 1.35	
		 	 0.0030	 0.0032	 0.0033	 0.0032	 0.0035	 0.0035	
	h	 ksi	 8.8	 10.1	 9.6	 10.2	 10.4	 11.1	
	i	 	 0.0050	 0.0061	 0.0064	 0.0061	 0.0073	 0.0071	
	j	 	 21	 14	 13	 14	 11	 12	
	e	 ksi	 0.64	 0.66	 0.64	 0.67	 0.65	 0.68	





e	Modulus	of	rupture	of	concrete,	 7.5 1000 	/1000,	ksi.	












T1b	 T2b	 T3b	 T4b	 T5	 T6	
	c	 ksi	 70	 108	 99	 92	 135	 112	
	 ksi	 29000	 29000	 29000	 29000	 29000	 29000	
	d	 	 1.1%	 1.7%	 1.2%	 0.3%	 0.0%	 0.0%	
	d	 ksi	 630	 670	 790	 1380	 2550	 865	
	e	 ksi	 94	 124	 122	 131	 171	 132	
	e	 	 12.2%	 8.9%	 9.4%	 8.6%	 5.4%	 7.1%	
	e	 ksi	 93	 123	 122	 130	 127	 112	















	 	a	 	b	 	c	 	d	
Wall	 kips	 	 psi 	 %	 %	
	 	 	 	 	 	 	 	
	T1e	 282	 303	 3.3	 3.5	 			6.00	f	 3.73	 3.7	
	T2	e	 237	 282	 2.7	 3.2	 1.80	 2.05	 1.8	
	T3	e	 242	 275	 2.8	 3.2	 2.95	 3.95	 3.0	
	T4	e	 253	 293	 2.8	 3.3	 3.87	 4.05	 3.9	
T5	 303	 395	 3.4	 4.6	 2.30	 2.80	 2.3	
T6	 240	 290	 2.6	 3.2	 3.10	 3.90	 3.1	
a	Maximum	measured	shear	force	for	each	loading	direction	during	the	loading	protocol	(Table	
4).	




















T1	 T2	 T3	 T4	 T5	 T6	
	 in.	 300	 300	 300	 300	 300	 300	
	 	 	 	 	 	 	 	
	b	 10‐3/in.	 0.004	 0.004	 0.004	 0.004	 0.004	 0.004	
	c	 10‐3/in.	 0.046	 0.065	 0.060	 0.057	 0.079	 0.067	
	d	 10‐3/in.	 0.623	 0.664	 0.667	 0.646	 0.551	 0.643	
	 	 	 	 	 	 	 	
	 ft‐kips	 3351	 3464	 3351	 3486	 3397	 3552	
	 ft‐kips	 6647	 6158	 5659	 5380	 7372	 6414	
	 ft‐kips	 8012	 7088	 6792	 7210	 9238	 7647	
	 	 0.42	 0.49	 0.49	 0.49	 0.37	 0.46	
	 	 0.83	 0.87	 0.83	 0.75	 0.80	 0.83	
	 	 	 	 	 	 	 	
∆ 	e	 %	 5.66	 5.33	 6.15	 7.91	 6.66	 6.05	
	 	 	 	 	 	 	 	
,














	 	 T1	 T2	 T3	 T4	 T5	 T6	
	 	 	 	 	 	 	 	
	 in.	 300	 300	 300	 300	 300	 300	
ℓ 	 in.	 100	 100	 100	 100	 100	 100	
	 in.	 10	 10	 10	 10	 10	 10	
ℓ 	b	 in.	 50	 50	 50	 50	 50	 50	
	 	 	 	 	 	 	 	
	c	 10‐3/in.	 0.046	 0.065	 0.060	 0.057	 0.079	 0.067	
	d	 10‐3/in.	 0.623	 0.664	 0.667	 0.646	 0.551	 0.643	
	 	 	 	 	 	 	 	
,
	e	 in.	 1.37	 1.94	 1.80	 1.71	 2.36	 2.02	
,
	e	 in.	 7.94	 8.24	 8.35	 8.10	 6.49	 7.91	
	 	 	 	 	 	 	 	
∆ 	e	 %	 9.31	 10.18	 10.15	 9.81	 8.85	 9.93	
	 	 	 	 	 	 	 	
,














T1	 T2	 T3	 T4	 T5	 T6	
	 in.	 300	 300	 300	 300	 300	 300	
ℓ 	 in.	 100	 100	 100	 100	 100	 100	
	 in.	 10	 10	 10	 10	 10	 10	
	 	 	 	 	 	 	 	
	 ft‐kips	 3351	 3464	 3351	 3486	 3397	 3552	
	 ft‐kips	 6647	 6158	 5659	 5380	 7372	 6414	
	 ft‐kips	 8012	 7088	 6792	 7210	 9238	 7647	
	b	 10‐3/in.	 0.004	 0.004	 0.004	 0.004	 0.004	 0.004	
	c	 10‐3/in.	 0.046	 0.065	 0.060	 0.057	 0.079	 0.067	
	
d	 10‐3/in.	 0.623	 0.664	 0.667	 0.646	 0.551	 0.643	
	 	 0.42	 0.49	 0.49	 0.49	 0.37	 0.46	
	 	 0.83	 0.87	 0.83	 0.75	 0.80	 0.84	
c	e	 in.	 24.6	 23.1	 23.0	 23.7	 27.7	 23.9	
	 	 	 	 	 	 	 	
	f	 kips	 320	 284	 272	 288	 370	 306	
	 ksi	 2030	 2100	 2030	 2110	 2060	 2150	
,
	g	 	 100	 100	 100	 100	 100	 100	
,
	h	 	 10	 10	 10	 10	 10	 10	
	 	 	 	 	 	 	 	
	i	 	 6.1	 4.7	 5.0	 5.0	 3.5	 4.4	
	 	 8	 15	 13	 13	 20	 16	
	 in.	 0.75	 0.75	 0.75	 0.75	 0.75	 0.75	
	 	 	 	 	 	 	 	
∆ 	j	 %	 5.66	 5.33	 6.15	 7.91	 6.66	 6.05	
∆ 		k	 %	 1.20	 0.88	 1.00	 1.32	 1.52	 1.05	
∆ 	l	 %	 0.50	 1.03	 0.95	 0.83	 1.17	 1.01	
	 	 	 	 	 	 	 	
,






f	 Calculated	based	on	 / .	
g	 Ratio	of	cracked	shear	stiffness	to	uncracked	stiffness	throughout	a	distance	 1 .	
h	 Ratio	of	cracked	shear	stiffness	to	uncracked	stiffness	throughout	a	distance	 .	












T1	 T2	 T3	 T4	 T5	 T6	
	 in.	 300	 300	 300	 300	 300	 300	
ℓ 	 in.	 100	 100	 100	 100	 100	 100	
	 in.	 10	 10	 10	 10	 10	 10	
ℓ 	b	 in.	 30	 30	 30	 30	 30	 30	
	 	 	 	 	 	 	 	
	
	c	 10‐3/in.	 0.046	 0.065	 0.060	 0.057	 0.079	 0.067	
	
d	 10‐3/in.	 0.623	 0.664	 0.667	 0.646	 0.551	 0.643	
c	e	 in.	 24.6	 23.1	 23.0	 23.7	 27.7	 23.9	
, 	f	 in.	 1.37	 1.94	 1.80	 1.71	 2.36	 2.02	
, 	f	 in.	 4.94	 5.12	 5.19	 5.04	 4.04	 4.92	
	 	 	 	 	 	 	 	
	g	 kips	 320	 284	 272	 287	 370	 306	
	 in.2	 1000	 1000	 1000	 1000	 1000	 1000	
	 ksi	 2030	 2100	 2030	 2110	 2060	 2150	
,
	h	 	 100	 100	 100	 100	 100	 100	
,
	i	 	 10	 10	 10	 10	 10	 10	
	 	 	 	 	 	 	 	
	j	 	 6.1	 4.7	 5.0	 5.0	 3.5	 4.4	
	 	 8	 15	 14	 13	 19	 15	
	 in.	 0.75	 0.75	 0.75	 0.75	 0.75	 0.75	
	 	 	 	 	 	 	 	
∆ 	f	 %	 6.30	 7.07	 6.99	 6.75	 6.40	 6.94	
∆ 		k	 %	 0.90	 0.77	 0.76	 0.77	 1.02	 0.81	
∆ 	l	 %	 0.50	 1.03	 0.95	 0.83	 1.17	 1.01	
	 	 	 	 	 	 	 	
,








g	 Calculated	based	on	 / .	
h	 Ratio	of	cracked	shear	stiffness	to	uncracked	stiffness	throughout	the	assumed	plastic	hinge	length,	ℓ .	
i	 Ratio	of	cracked	shear	stiffness	to	uncracked	stiffness	outside	the	plastic	hinge	length,	 ℓ .	


































(6) #6, VERT #4 @ 15", HORIZ
1 7 8" COVER
#4 @ 15", HORIZ
1 7 8" COVER
NOTES:
1. REINFORCEMENT GRADE:
        - T5: GRADE120
        - T6: GRADE100





































































(2) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(2) #3 ×        , ALT HOOKS
@ 3" (ZONE A, FIG 8)




@ 3" (ZONE A, FIG 8)


























(1) #3 ×     , ALT HOOKS
@ 3" (ZONE A FIG 8)
@ 6" (ZONE B FIG 8)
(1) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)








(  1, 1.32,   1.50)
(  2, 0.88,   8.25)
(  3, 0.88, 11.63)
(  4, 0.88, 18.38)
(  5, 0.88, 21.75)
(  6, 1.32, 28.50)
(  7, 0.40, 45.00)
(  8, 0.40, 60.00)
(  9, 0.40, 75.00)
(10, 3.44, 91.50)
(11, 3.44, 98.50)
(   i,    As,      X)
T5 AND T6
GROSS SECTION PROPERTIES:
Ag = 1900 in.
2
Acv = 1000 in.2
  Ig = 1.80E6 in.
4
Xcg = 71.3 in.
REINFORCEMENT DATA:
  i = LAYER IDENTIFICATION
As = TOTAL STEEL AREA PER LAYER, in.2


















































































































































ADD #4 HORIZ @ 15"



























































































































12'-9"           EXTERNAL






























































(a) Base	block	steel	cage	 (b) Lift	1	steel	cage	
	 	

















































































(TWO LOCATIONS AT FLANGE)
WALL FLANGE
HORIZONTAL POTENTIOMETER




































































































































































































EQ EQ EQ 1.5"




























































































































































































































































































































































































































(a) Stem	in	compression	 (b) Stem	in	tension	
Figure	28	–	Wall	T5	at	1%	drift	ratio	(second	cycle)	
	 	






(a) Stem	in	compression	 (b) Stem	in	tension	
Figure	30	–	Wall	T5	at	2%	drift	ratio	(second	cycle)	
	 	






(a) Stem	in	compression	 (b) Stem	in	tension	
Figure	32	–	Wall	T5	at	3%	drift	ratio	(first	cycle)	
	 	






(a) Stem	in	compression	 (b) Stem	in	tension	
Figure	34	–	Wall	T5	at	4%	drift	ratio	(first	cycle)	
	 	
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































   
   
   
   
   
   











   
   
   
   
   
   


























   
   
   
   
   
   











   
   
   
   
   
   
















































































































































































































































































































(12) #6, VERT #4 @ 15", HORIZ
1 7 8" COVER
#4 @ 15", HORIZ
NOTES:
1. ALL REINFORCEMENT GRADE 60








































































(3) #3 ×     , ALT HOOKS
@ 3" (ZONE A FIG 8)
@ 6" (ZONE B FIG 8)
(27) #6, VERT
10"
(2) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(5) #3 ×        , ALT HOOKS
@ 3" (ZONE A, FIG 8)




@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(1) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
















@ 3" (ZONE A FIG 8)










(6) #6, VERT #4 @ 15", HORIZ
1 7 8" COVER
#4 @ 15", HORIZ
NOTES:
1. ALL REINFORCEMENT GRADE 100







































































(1) #3 ×     , ALT HOOKS
@ 3" (ZONE A FIG 8)
@ 6" (ZONE B FIG 8)
(16) #6, VERT
10"
(2) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(2) #3 ×        , ALT HOOKS
@ 3" (ZONE A, FIG 8)




@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(1) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)






















(6) #6, VERT #4 @ 15", HORIZ
1 7 8" COVER
#4 @ 15", HORIZ
1 7 8" COVER
NOTES:
1. ALL REINFORCEMENT GRADE 100







































































(1) #3 ×     , ALT HOOKS
@ 3" (ZONE A FIG 8)
@ 6" (ZONE B FIG 8)
(16) #6, VERT
10"
(2) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(2) #3 ×        , ALT HOOKS
@ 3" (ZONE A, FIG 8)




@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(1) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)






















(6) #6, VERT #4 @ 15", HORIZ
1 7 8" COVER
#4 @ 15", HORIZ
1 7 8" COVER
NOTES:
1. REINFORCEMENT GRADE:
        - T5: #6 GRADE 120
               #4 GRADE 120
                #3 GRADE 120
        - T6: #6 GRADE 100
               #4 GRADE 100
                #3 GRADE 120

































































(2) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)
@ 6" (ZONE B, FIG 8)
(2) #3 ×        , ALT HOOKS
@ 3" (ZONE A, FIG 8)




@ 3" (ZONE A, FIG 8)























(1) #3 ×     , ALT HOOKS
@ 3" (ZONE A FIG 8)
@ 6" (ZONE B FIG 8)
(1) #3 ×      , ALT HOOKS
@ 3" (ZONE A, FIG 8)


















































































































































































































































































































































































































































(a) Shear	 (b) Base	shearing	



































(a) Shear	 (b) Base	shearing	






















































































































































































































































(a) T1	 (b) T2	
		 		
(c) T3	 (d) T4	
		 		



















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.















Confined - Scott et al.
Confined - Mander et al.
Unconfined - Scott et al.
Unconfined - Mander et al.
(Huq et al.[37]) 
fi  ( and r t l.[54]) 
fi  (Huq et al.[37]) 
nconfined ( ander et al.[54]) 
(Huq et al.[37]) 
i ( and r t l.[54]) 
fi  (Huq et al.[37]) 
nconfined ( ander et al.[54]) 
(Huq et al.[37]) 
i ( and r t l.[54]) 
fi  (Huq et al.[37]) 
nconfined ( ander et al.[54]) 
fi (Huq et al.[37]) 
fi (Mander et al.[54]) 
fi  (Huq et al.[37]) 
nconfined (Mander et al.[54]) 
(Huq et al.[37]) 
( and r t l.[54]) 
fi  (Huq et al.[37]) 
c fi  ( a r t l.[54]) 
(Huq et al.[37]) 
i ( and r t l.[54]) 
fi  (Huq et al.[37]) 




(a) T1[37]		 (b) T2[37]		
	 	
(c) T3[37]		 (d) T4[37]		
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	 	 gross	area	of	concrete	section	resisting	shear	( ℓ 	for	a	T‐shaped	wall),	
	 	 in.2	(mm2)	



































	 	 force	associated	with	∆ ,	kips	(kN)	
	 	 force	associated	with	yield	point,	kips	(kN)	
	 	 shear	modulus	of	concrete,	taken	as	 /2.4,	ksi	(MPa)	
	 	 dimension	at	bottom	side	of	station,	in.	(mm)	(Figure	163)		





















	 	 secant	stiffness	at	 . 0.8	 ,	kips/in.	(kN/m)	
	 	 stiffness	associated	with	flexural	deformation,	kips/in.	(kN/m)	






, 	 	 calculated	stiffness	of	wall,	kips/in.	(kN/m)	
, 	 	 measured	stiffness	of	wall,	kips/in.	(kN/m)	
ℓ 	 	 initial	distance	along	x	axis	between	markers	at	Columns	 	and	 	for	a	given		
	 	 row	(or	located	at	the	same	elevation),	in.	(mm)	(Figure	17	and	Figure	18)	
ℓ 	 	 development	length	or	length	of	embedment	required	to	develop	the	yield	
	 	 stress	of	reinforcement,	in.	(mm)	
ℓ 	 	 width	of	station	 ,	in.	(mm)	(Figure	17	and	Figure	18)	
ℓ 	 	 length	of	plastic	hinge,	in.	(mm)	






	 	 moment	corresponding	to	curvature	 ,	ft‐kips	(m‐kN)	
	 	 moment	corresponding	to	yield	of	tension	reinforcement	at	centroid	of		
	 	 confined	boundary	element,	ft‐kips	(m‐kN)	





	 	 located	at	 ),	ft‐kips	(m‐kN)	





	 	 uniform	bond	stress	associated	with	ℓ ,	psi	(MPa)	
ℓ	 	 dimension	at	left	side	of	a	station,	in.	(mm)	(Figure	163)		




	 	 shear	associated	with	∆ ,	kips	(kN)	
	 	 maximum	measured	shear	force	per	loading	direction,	kips	(kN)		
	 	 shear	associated	with	 	based	on	a	nominal	shear	span	of	25	ft.,	kips	(kN)	
	 	 nominal	shear	strength,	kips	(kN)	
	 	 shear	force	corresponding	to	ultimate	curvature	 ,	kips	(kN)	









, 	 	 distance	from	extreme	compression	fiber	to		neutral	axis	depth	of	cracked		
	 	 section	transformed	to	concrete,	in.	(mm)	










ℓ	 	 fraction	of	ℓ 	
	 	 fraction	of	 	
	 	 fraction	of	 	
	 	 average	shear	distortion	for	Layer	 ,	rad	




∆ 	 	 component	of	drift	due	to	flexural	deformation	and	strain	penetration		
	 	 measured	between	base	block	optical	markers	and	first	row	of	markers,		
	 	 in.	(mm)	(Figure	17	and	Figure	18)	
∆ 	 	 shear	component	of	drift	(due	to	base	shearing)	measured	between	base	block	
	 	 optical	markers	and	first	row	of	markers,	in.	(mm)	(Figure	17	and	Figure	18)		
∆ 	 	 drift	(lateral	displacement)	due	to	flexion,	in.	(mm)	
∆ , 	 	 displacement	due	to	flexure	considering	only	plastic	curvature,	in.	(mm)	
∆ , 	 	 displacement	due	to	flexure	considering	only	yield	curvature,	in.	(mm)	
∆ 	 	 peak	displacement	during	a	loading	cycle,	in.	(mm)	
∆ 	 	 previously	attained	maximum	displacement	in	a	direction	of	loading,	in.	(mm)	
∆ 	 	 drift	(lateral	displacement)	due	to	strain	penetration,	in.	(mm)	
∆ 	 	 drift	(lateral	displacement)	due	to	shear	deformation,	in.	(mm)	
∆ 	 	 average	horizontal	displacement	of	a	row	of	markers,	in.	(mm)	
∆ 	 	 notional	yield	displacement,	in.	(mm)	
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∆ 	 	 measured	drift	corresponding	to	zero	shear	(unloading	from	∆ ,	in.	(mm)	
	 	 maximum	strain	corresponding	to	peak	stress	for	confined	concrete	












	 	 rotation	due	to	flexural	deformation	at	 ,	rad	
	 	 rotation	due	to	flexural	deformation,	rad	
	 	 rotation	due	to	flexural	deformation	for	Layer	 ,	rad	
	 	 rotation	due	to	flexural	deformation	at	 ,	rad	
	 	 rotation	due	to	flexural	deformation	at	 ,	rad	
	 	 number	of	bar	diameters	over	which	the	yield	strain	of	reinforcement	is	




































Assuming	 a	 uniform	 bond	 stress	 	acts	 on	 a	 reinforcing	 bar	 of	 diameter	 	along	 the	
development	length	ℓ ,	the	total	bond	force	to	develop	the	yield	stress	 	is	given	by	













Sezen	 and	Moehle[80]	 proposed	 a	model	with	 a	 stepped	 bond	 stress	 along	 the	 embedded	
length	of	the	reinforcing	bar,	as	shown	in	Figure	B.1.	Based	on	this	model,	for	a	bar	to	develop	a	post‐
yield	stress	of	(1+ ) 	requires	an	embedment	length	of	(1+ ℓ)ℓ .	It	is	assumed	that	a	uniform	bond	
stress	 	acts	over	the	length	ℓ 	where	the	bar	has	not	yielded	and	a	reduced	bond	stress	 	 	acts	









	 ℓ 	 Eq.	B.4	
	
The	elongation	 	due	to	strain	penetration	of	a	yielding	bar,	as	shown	in	Figure	B.1	(at	the	top	












	 	ℓ 2	 	 	 Eq.	B.6	
	
where	 	represents	 the	number	 of	 bar	 diameters	 over	which	 the	 yield	 strain	 of	 reinforcement	 is	
assumed	to	occur	uniformly.	Substituting	Eq.	B.6	into	Eq.	B.5	provides	




	 	 	 1 ℓ 1 	 Eq.	B.8	
	
from	which	the	displacement	at	a	distance	 	from	the	support	is	obtained	using	
	 ∆ 	 	 1 ℓ 1 	 Eq.	B.9	
	
where	 ⁄ 	is	taken	as	an	approximate	measure	of	the	yield	curvature	 .	Eq.	B.9	is	further	
simplified	using		





	 1 ℓ 1 	 Eq.	B.11	
	
Eq.	B.10	only	applies	where	 	and	bar	slip	at	the	unloaded	end	of	the	bar	is	negligible.	
For	the	condition	of	 ,	 ℓ 0	(given	that	ℓ 	is	the	required	embedment	length	to	develop	 ,	
see	Figure	B.1)	resulting	in	 1	per	Eq.	B.11.	Therefore,	Eq.	B.10	can	be	expressed	as	a	function	
of	the	deformation	due	to	strain	penetration	at	yield	∆ , ,	using		
	 ∆ 	∆ , 	 Eq.	B.12	
	
where	∆ , 	is	defined	by		
	 ∆ , 	 	 Eq.	B.13	
	
and	 	represents	 the	 amplification	 factor	 of	∆ , 	to	 obtain	∆ 	in	 Eq.	 B.12.	 The	 definition	 of	
deformation	 due	 to	 strain	 penetration	 at	 yield	 in	 Eq.	 B.13	 is	 consistent	 with	 the	 definition	 of	
deformation	due	to	strain	penetration	presented	in	Table	13.		
The	 sensitivity	 of	 ℓ 	to	 parameters	 	and	 	is	 shown	 in	 Figure	 B.2.	 Values	 of	 0.25	
(corresponding	to	a	stress	of	1.25 )	and	 	between	0.5	and	1.0	provide	values	of	 ℓ	between	0.5	
and	0.25,	respectively.	In	this	study,	 0.75	was	adopted,	which	for	 0.25	provides	 ℓ 0.33.	
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It	 is	 important	to	note	that	to	develop	1.25 	based	on	ACI	408[2],	 the	development	 length	
needs	to	increase	by	approximately	1.4	for	 	60	ksi	(414	MPa)	and	1.3	for	 	100	ksi	(690	MPa),	








	 2	 	 Eq.	B.14	
	
where	 the	drift	 ratio	 	(in	percent)	 is	 limited	 to	values	between	1	and	2.	Figure	B.3	shows	 that	
values	of	 	are	in	the	range	between	2	and	9	for	drift	ratios	between	1	and	3%.	





with	 Grade	 60	 (420)	 and	 Grade	 100	 (690)	 reinforcement,	 a	 low‐bound	 estimate	 for	 	may	 be	




	 1.5 	 Eq.	B.15	
	

















0.50 0.75 1.0 0.25 
α s
p	 2	  
ℓ  
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Figure	B.4	–	Strain	penetration	factor	 	versus	drift	ratio,	based	on	Table	B.2	
	
	
as
p	
1.5	 	
2	 	
